Abstract Lacrimal gland (LG) is an exocrine tubuloacinar gland that secretes the aqueous layer of the tear film.
Introduction
Myoepithelial cells (MECs) are found in multiple glandular organs such as the lacrimal, salivary, harderian, sweat, prostate, and mammary glands. These cells surround glandular secretory epithelium; express α-smooth muscle actin (SMA), a marker for MECs; and can contract thereby modulating secretory function of these exocrine glands [1] [2] [3] [4] [5] [6] [7] . MEC contractile capacity, controlled by hormonal and neural mechanisms, plays an important role in propulsion of secretion. In the lacrimal gland (LG) and other exocrine glands, MECs synthesize the basement membrane and form a functional network around the acinar and ductal cells separating them from the basement membrane and the mesenchymal stromal cells [8] [9] [10] . Furthermore, it has been proposed that MECs maintain glandular structural integrity and transport metabolites to secretory cells. Although the significance of MECs is still speculative, some new recent studies have suggested the importance of MECs for exocrine gland structural integrity [11, 12] . In spite of the proposed importance of MECs for LG function, MECs in the LG are lesser studied than other exocrine glands. Here, we provide a review on the role of MECs in LG morphogenesis, maintenance, and repair.
Lacrimal Gland Structure and Development
LGs are paired exocrine tubuloacinar glands that secrete the aqueous layer of the tear film. The mature LG is made up of many lobules separated by connective tissue. Each lobule
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contains numerous secretory acini. The secretory function of the LG completely depends on development and differentiation of LG epithelial cell types (Fig. 1a) . The LG epithelial tree is composed of three major cell types: ductal, acinar, and myoepithelial cells (Fig. 1 ). Acinar cells secrete the primary LG fluid (Fig. 1b) , and ductal cells (Fig. 1c) modify the electrolyte composition of the primary LG fluid before it exits the ducts and flows onto the ocular surface. MECs have a contractile function that, perhaps as in the salivary and mammary glands, helps expel the secreted fluid (Fig. 1d) . The LG is innervated by parasympathetic and sympathetic nerves that control LG protein, electrolyte, and water secretion by the three cell types [7, 13] .
The development of the human LG has been studied by numerous authors [14] [15] [16] [17] . Human LG morphogenesis could be divided into three stages: (1) the presumptive glandular stage, O'Rahilly's stages 19-20, characterized by a thickening of the superior fornix epithelium of the conjunctiva; (2) the bud stage, O'Rahilly's stage 21, characterized by the appearance of the primary LG bud; and (3) the glandular maturity stage, O'Rahilly's stages 22-23, weeks 9-16, when the LG develops into a branched acinar/ductal structure [14] .
Mouse LG development shares some common features with salivary gland development [18] [19] [20] [21] [22] . More specifically, branching of lacrimal and salivary glands is controlled by fibroblast growth factor (FGF)10 (expressed in mesenchyme) and FGFR2b (expressed in the epithelium). Developing LG consists of an epithelial tree branched within the stromal tissue composed by the extracellular matrix and different types of cells of mesenchymal origin [21] . LG development is initiated at embryonic day 13.5 (E13.5), as a single bud invagination of the conjunctival epithelium at the temporal edge of the eye. At E15.5, the LG bud produces a tubular structure with a thickening at the tip, extended caudally in the subcutaneous tissue between skin and cranial bones and underneath the supraorbital branch of the stapedial artery [20, 21, 23] . Branching in the developing gland appears around E16.5. By E19.5, the LG contains well-branched intra-and exorbital lobes [21] . In mice, the LG continues to differentiate during postnatal development and maturation is complete around P30.
The appearance and differentiation of MECs during LG development has limited documentation. In 1995, Wang and co-authors [8] described MEC differentiation in LG postnatal development using immunostaining for SMA and phalloidin staining. At P0, when LG rudimentary buds still do not have a clear lumen nor secretory granules, these authors did not detect cells positive for SMA that is MECs. However, at P3 with the appearance of a lumen in some of the epithelial rudiments, SMA-positive cells were already found in the peripheral region of the LG buds. These immature MECs were almost round and had a few processes. Starting from P7 when epithelial cells differentiated to polarized secretory cells, many MECs stained for F-actin (indicated by phalloidin staining) [8] . Most MECs at this stage had longer processes, but still did not have contact with each other. At 4-8 weeks after birth, MECs increased in size, and had 4-6 processes that extended in all directions and often interacted with each other [8] .
The Wang study [8] suggests that (1) myoepithelial cell progenitors (MECPs) probably exist early during LG embryonic development, but do not express SMA and (2) MECPs differentiation starts later at early stages of postnatal development. However, it is also possible that low expression of SMA within small MECPs would be difficult to detect on paraffin sections due to low sensitivity of this type of immunostaining. Unfortunately, there are no later studies on LG MECP/MEC cell specification, proliferation, and differentiation. In view of the central role played by MECPs/MECs in formation of various LG neoplasms [24] [25] [26] [27] and the recently reported plasticity of MECs in adult LG [28••] , the further identification and analysis of these cells in the normal and diseased LG is important.
MEC Localization, Morphology, and MEC-Specific Markers
MECs cannot be easily visualized on histological sections (Fig. 2a) . In electron microscopic studies of canine LGs, MECs are visualized as electron dense cells between the basal membrane and secretory epithelium [29] . In some publications, MECs of exorbital LGs and harderian glands were visualized with an alkaline phosphatase reaction [30, 31] . Identification of MEC-specific markers enabled studies on their morphology, function, and behavior in normal and diseased glands [26, 32] . As reported in one of the early publications [32] , MECs can function as smooth muscle cells and they may be identified by the presence of myofilament proteins that are related to those of smooth muscle cells. The most reliable common MEC marker is SMA (α-smooth muscle actin) [7, 8, 32, 33] (Table 1 , Fig. 2b-e) .
In the LG, SMA-positive stellate-shaped cells form a basket-like network around the acini ( Fig. 2c-d) [8, 28••, 45] . Typically LG MECs have a small (around 10-15 μm) cell body and several long (often branched) processes, which cause the MEC to occupy a large area. Due to large size of MEC processes, 5-25 μm sections of LG normally contain only partial cells. To visualize the entire MEC, whole mount preparations and confocal microscopy are necessary (compare Fig. 2b with c-e).
Another specific MEC marker is the thin filament-associated protein calponin [42] . Calponin can bind to actin, calmodulin, troponin C, and tropomyosin and is implicated in the regulation and modulation of smooth muscle contraction [46] .
Other MEC markers known to date can be found in other cell types of the LG; however, combinations of these markers with SMA is useful for detection of different subpopulations of MECs with diverse functional properties. Thus, similar to other epithelial cells, MECs have keratin-containing intermediate filaments [32] . Most specific to MECs is the expression of cytokeratin-5 (CK5). In human LGs, MECs expressing CK5 and SMA are restricted to acini and intralobular ducts [33] . MECs are also enriched in cytokeratin 14 (CK14) [34] . Expression of α-actinin is specific to MECs, at least within the LG [41•] (Table 1) . α-Actinin is an actin-binding protein with multiple roles in different cell types of multiple tissues. In MECs, as in other non-muscle cells, the α-actinin protein was found along microfilament bundles, where it is probably involved in binding actin to the cellular membrane [41•] .
Nestin is a class VI intermediate filament protein [47] . Although it is expressed predominantly in neuronal stem cells, it is also found in the proliferating cells of a variety of stem and cancer cells [47] [48] [49] [50] . In the LG, some MECs and MECPs are nestin-positive [28••, 36, 37] . MECs are also rich in the expression of muscarinic and purinergic receptors [41•, 51] . Recent analysis of isolated LG MECs in culture showed that similar to acinar cells, they expressed the P2X7, P2Y1, P2Y11, and P2Y13 purinergic receptors [41•] (Table 1) .
Although there are not much information about MECspecific transcription factor in the LG, it has been reported that MECs are enriched in the p63 transcription factor (the p53 family of transcription factors), which is encoded by TP63 gene [52] . The N-terminally truncated isoform of p63 (ΔNp63) is expressed at high levels in many different stem/ progenitor cells [53] [54] [55] . Interestingly, in the LG, ΔNp63 appears to be expressed in subpopulations of the acinar cells and MECs [28••] , while in the mammary gland, p63 is a selective nuclear marker of MECs [56] (Table 1) . A mutation in the TP63 gene causes a rare genetic disease, acro-dermato-ungual-lacrimal-tooth (ADULT) syndrome, suggesting that TP63 regulates multiple signaling pathways required for ectodermal organogenesis and differentiation and controls cell growth and survival [52, 54] . Whether p63 is critical for the maintenance of the progenitor cell populations in LG is still not known.
Another transcription factor that is expressed in MECs is a pared homeobox protein Pax6. In the LG Pax6, expression is restricted to the nuclei of myoepithelial, ductal, and acinar cells [21, 28••, 38] (Table 1) .
Growth factors control LG morphogenesis and therefore MEC differentiation. MECs express CD109, a TGF-β co-receptor and a negative regulator of TGF-β signaling [35, 57] . MECs of rat LG also express neurotrophin receptor (p75) [44] . The neurotrophins play critical roles in the development, maintenance, survival, and death of multiple cell types [58] [59] [60] [61] [62] . In addition, MECs of the LG express FGF2 [43] ( Table 1) . Overall, it is clear that MEC signaling networks are not well defined and its analysis requires a combination of molecular and functional approaches.
Myoepithelial Cell Progenitors and Lacrimal Gland Regeneration
Aqueous deficiency due to lacrimal gland insufficiency or damage is one of the major causes of dry eye. Available LGs [63] . Both of these approaches propose use of stem/progenitor cells; however, information on LG stem cells being able to restore LG function is very limited. Such information is necessary for the development of new stem cell-based therapeutic approaches.
Evidence to date suggests that the adult LG contains both slow cycling stem cells [64] and faster cycling progenitor cells [28••, 37] and that the LG is able to repair itself even after substantial damage [36] . However, the source of stem or progenitor cells for LG regeneration remains unclear. Adult stem cells are mainly represented by tissue-specific stem cells, also referred to as slow cycling (label retaining) multipotent cells [65, 66] . In contrast, progenitor cells, early descendants of slow cycling stem cells, proliferate faster and differentiate into one or more cell types within a given tissue [67] . Tissuespecific stem cells are generally believed to differentiate along relatively restricted cell lineages [68] [69] [70] [71] [72] . Moreover, it is increasingly apparent that the properties of an adult stem cell depend as much on the niche in which it resides as on its inherent Bstemness^ [73, 74] . In self-renewing tissues, differentiated cell types are specified through distinct cell lineages. Such lineages may include stem and progenitor (transitamplifying) cells, which give rise to lineage-specific differentiated cells.
Since the LG has only three major cell types: ductal, acinar, and MEC (Fig. 1) , there are three opposing concepts on the origin of stem/progenitor cells in the adult LG (Fig. 3) . One hypothesis postulates that a single common multipotent (able to form all three cell types) stem cell exists within the adult LG. Upon activation, this LG stem cell is able to give rise to lineage-specific progenitor cells, such as ductal, acinar, and MECs (Fig. 3a) . The second hypothesis proposes that each cell lineage contains its own lineage-specific stem/progenitor cells that contribute to the architecture of adult LGs (Fig. 3b) . At the same time, one or another lineage-specific stem/ progenitor cells may have different fates during normal LG morphogenesis and repair (Fig. 3b) . Thus, the third hypothesis suggests that multipotent stem/progenitor cells may exist in one or another LG cell lineage. Upon LG injury/disease these multipotent stem/progenitor cells can replace all epithelial lineages (Fig. 3b) .
Over the last few years, the MEC populations of different glandular tissues including LG have attracted the considerable attention of many researchers due to MEC plasticity and therefore a proposed role in tissue repair. The question of how MECs arise in the LG has also gained increasing interest due to the proposed role for MECs in formation of some LG tumors [75, 76] . More recent studies indicate that, similarly to other exocrine glands (pancreas, salivary, mammary) [77] [78] [79] [80] , the LG has a high regenerative potential and is able to repair itself even after substantial damage [81] . These studies suggest that the LG contains resident stem/progenitor cells capable of restoring the LG function.
MECs retain some proliferative potential in adult uninjured LG and salivary glands, have a high level of plasticity, and may participate in gland regeneration [82, 83] . MECs of parotid glands show a strong increase (up to 23 %) in their proliferative rate 5 days following gland injury, while proliferation of other epithelial cell types (ductal and acinar) increases much later on days 7-10 after injury [83] . This rapid response of MECs to parotid gland injury suggests that a subpopulation of MECs may contain faster proliferating- M E C s m e m b r a n e committed progenitor cells. We recently developed a method to culture MECs and MECPs isolated from uninjured adult
LGs [82, 84] . Purified MECPs differentiated in approximately 3-4 weeks. Isolated and cultured MECPs expressed several stem cell markers, such as nestin, musashi 1, ABCG2, Pax6, Chx 10, ΔNp63, and Sox2. In addition, cultured MECPs exhibited an extremely high level of plasticity and could differentiate into several cell types: myoepithelial, endothelial, and neuronal cells [82] . MEC proliferative/differentiative capacity and plasticity suggest that the MEC lineage could contain a common multipotent stem/progenitor cell. However, other publications suggest that acinar or ductal cells may also contain multipotent stem cells [85•, 86, 87] . Nevertheless, to address the fundamental question about LG stem cell differentiation potential, lineage-tracing experiments should be performed. Defining LG stem/progenitor cells and their regenerative potential would be extremely useful for future clinical applications to rescue damaged/diseased glands.
Myoepithelial Cells as Regulators of LG Acinar Structure and LG Function
Although the exact role of MECs in the regulation of LG morphogenesis and maintenance of the acinar structure is still unclear, there is a body of evidence that suggests multiple roles for MECs in these processes [88] . The position of MECs between the LG acinar epithelial cells and the basal membrane implies that MECs are an important part of the epithelialmesenchymal communication that often occurs through the extracellular matrix (ECM). In addition, MECs express receptors for neurotransmitters, suggesting that these cells are responsive for neurostimulation that induces secretion of lacrimal glad fluid [34] . In the lacrimal gland, MECs and acinar cells express M 3 muscarinic receptors. These muscarinic agonists activate M 3 receptors on acinar cells to stimulate lacrimal gland secretion and also cause contraction of MECs [89, 90] .
The specific location of MECs in the LG at the periphery of secretory acini suggests a role for these cells in the maintenance of normal LG structure. However nothing is known about this function of the MECs in the LG. In contrast, MECs in mammary glands play an essential role in the control of mammary epithelium polarity [91] . Mammary gland luminal epithelial cells cultured in collagen-I gel formed acini with reversed polarity. The addition of MECs to these cultures led to the formation of acini-like structures with the correct polarity. The basement membrane component laminin-1 could also substitute for normal MECs in reversing polarity in collagen-I gels [91] . This finding suggests that secretion of basal membranes by MECs play an essential role in the maintenance of acinar polarity. In many tissues, including exocrine glands, the basal membrane is also an important intermittent component for epithelial-mesenchymal interaction and signaling. Similar to the mammary gland, basal membrane components of the LG such as laminin-1 or heparan sulfate are important regulators of growth factor signaling [92] . Binding growth factors (for example, fibroblast growth factors (FGFs)) to heparan sulfate creates morphogenetic gradients that control epithelial polarity and direction of LG epithelial growth/migration [92] .
Fibroblast growth factors (FGFs) and their receptors (FGFRs), especially FGF10 and FGFR2b isoform play an important role in LG morphogenesis [20, 21, 92] . FGF10 is expressed by LG mesenchymal fibroblasts, released into ECM, and signals to the epithelial cells including MECs. In addition, MECs, especially those associated with the ductal epithelium of the LG, express FGF2, which is most likely released onto the basal membrane, since the basal membrane is positive for FGF2 [43] . FGF2 signals through FGFR1c isoform that is expressed by mesenchymal cells. Thus, MECs and the basal membrane are involved in the regulation of epithelial-mesenchymal crosstalk. Moreover, in response to various stimuli, FGFs can be released from the ECM as a soluble FGF-heparan sulfate complex to exert a specific role in response to injury and tissue remodeling.
Conclusions
MECs are proposed to be key cellular participants in LG morphogenesis, maintenance, and repair. However, little is known about the MEC lineage and the functional relationship between these cells and other LG cell types. Although many questions remain to be answered, significant technological advances are now providing the tools for progress in MEC research. Further analysis of MECs and other cell lineages of the LG are important for development of the new cell-based therapies, which hold the promise of restoring the function of damaged LG or glands with chronic disorders such as Sjögren's syndrome or other autoimmune disorders.
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